The increasing demands of process efficiency (machining rate) and quality of machine components in combination with established ecological standards lead to systematically increasing requirements for the physical and mechanical properties of the surface of articles [1] . Moreover, there is a need to produce arti cles characterized by high hardness and oxidation sta bility. Traditional coatings based on transition metal nitrides, in particular based on TiN, allow one to solve the problem of increasing the hardness [2, 3] , surface wear resistance [4, 5] , and corrosion resistance in aggressive media [3, 6] . However, the main disadvan tage of the coatings is their limited oxidation stability at high temperatures [7] . The incorporation of Al and Si into the titanium nitride allows one to modify the surface protective properties. In particular, Al additions in TiN lead to the formation of Ti x Al y N z coatings characterized by the high hardness (≈32 GPa) [8] and oxidation stability (to 800°С) [9] ; surface alloying with Si ions increases the abrasive (wear) resistance of surface and stability during sputtering with metal ions [9] . Nanocomposite TiSiN coatings are most under stood. They consist of TiN nanocrystals embedded into an amorphous silicon nitride matrix. These coat ings are characterized by high oxidation stability at temperatures close to 850°С and are superhard (>40 GPa) and thermally stable to 1100°С [10] [11] [12] .
INTRODUCTION
The increasing demands of process efficiency (machining rate) and quality of machine components in combination with established ecological standards lead to systematically increasing requirements for the physical and mechanical properties of the surface of articles [1] . Moreover, there is a need to produce arti cles characterized by high hardness and oxidation sta bility. Traditional coatings based on transition metal nitrides, in particular based on TiN, allow one to solve the problem of increasing the hardness [2, 3] , surface wear resistance [4, 5] , and corrosion resistance in aggressive media [3, 6] . However, the main disadvan tage of the coatings is their limited oxidation stability at high temperatures [7] . The incorporation of Al and Si into the titanium nitride allows one to modify the surface protective properties. In particular, Al additions in TiN lead to the formation of Ti x Al y N z coatings characterized by the high hardness (≈32 GPa) [8] and oxidation stability (to 800°С) [9] ; surface alloying with Si ions increases the abrasive (wear) resistance of surface and stability during sputtering with metal ions [9] .
Nanocomposite TiSiN coatings are most under stood. They consist of TiN nanocrystals embedded into an amorphous silicon nitride matrix. These coat ings are characterized by high oxidation stability at temperatures close to 850°С and are superhard (>40 GPa) and thermally stable to 1100°С [10] [11] [12] .
Recently, results of studies of four component nanocomposite TiAlSiN coatings that consist of Ti 1 ⎯ x Al x N crystalline and Si 3 N 4 amorphous compo nents have been obtained [13, 14] .
The application of multicomponent and multilayer coatings (the layer thickness equals several nanometers) allows us to obtain protective layers characterized by high thermal stability of physical and mechanical prop erties and thermal oxidation stability [15] . The need for continuous operation of machinery is the cause of the formation of multilayer coatings based on multicompo nent materials, such as TiN/SiN x [16] , TiAlSiN/Si 3 N 4 [17] , TiCrN/AlSiN [18] , TiAlCrN/AlSiN [19] , etc. It was shown in [16] [17] [18] [19] that the properties of multi layer nanoscale coatings are determined mainly by the thickness, number of individual layers, diffusion and phase formation processes in them as well. The use of TiAlN and TiAlSiN for the formation of mul tilayer coatings allows one to obtain the superhard surface that, due to the incorporation of plastic TiAlN layers, is resistant to deformation under exter nal loading [20] .
It should be noted also that, recently, the develop ment of coatings containing five or more components is an actual problem. In the case of correctly selected
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components of the material, a coating made of the material has significant advantages over coatings con sisting of less number of components [21] . The aim of the present study is to perform complex investigations of the structure, phase composition, morphology of the surface, and the physical and mechanical characteristics of coatings prepared by the pulsed magnetron sputtering of AlN⎯TiB 2 -TiSi 2 com posite ceramics.
EXPERIMENTAL
Coatings were prepared by pulsed magnetron sput tering using a setup, the diagram of which is described in [22] ; the coatings were deposited on steel 45 sub strates. As the sputtered material, we used high tem perature composite AlN-TiB 2 systems with a TiSi 2 titanium silicide addition developed at the Frantsvich Institute for Problems of Materials Science, National Academy of Sciences of Ukraine. Since multicompo nent multilayer coatings are characterized by low adhesion activity [15] , we used polished substrates to qualitatively estimate the adhesion. Before the deposi tion of the coating, in order to ensure the pure crystal line interface (that accelerates the epitaxial growth of coating), the substrate surface was purified with respect to gas ions and oxide and carbide impurities, as well using a glow discharge (the argon pressure is 0.08 Pa and the treatment time is 15 min). The subse quent magnetron sputtering and deposition of mate rial on the substrate was realized for 35 min at a partial argon pressure in the chamber of ~0.1 Pa. Table 1 shows the conditions of the deposition and subsequent treatment of samples.
The morphology and elemental composition of the surface were studied using a scanning electron micro scope equipped with an attachment for the energy dis persive X ray analysis (SEM/EDS) and an accelerat ing voltage of 20 kV. The coating thickness and state of the coating-substrate interface were determined using fractographs taken with a Quanta 600 FEG electron microscope. The surface profile and sizes of surface roughness were determined using a VK X100/X200 scanning microscope equipped with a 3D laser.
To analyze the structural and phase states of sam ples, we used a DRON 3M diffractometer and Cu Kα radiation. The phase composition was studied using traditional X ray diffraction techniques, namely, the analysis of angular positions, intensities, and profiles of diffraction reflections. To interpret X ray diffrac tion patterns, we used the Powder Diffraction File (International Center for Diffraction Data). Addi tional studies of the phase composition of the coatings were performed by small angle scattering using Cr Kα radiation. X ray spectroscopy was performed using a RINT 2500 V diffractometer and a position sensitive proportional counter (PSPC/MDGT).
The mechanical characteristics (hardness and modulus of elasticity) of the AlN-TiB 2 -TiSi 2 coatings were determined by nanoindentation using a Hysitron TI 950 Triboindenter and a Berkovich trihedral indenter. In order to exclude the substrate effect on the experimental data on the hardness and modulus of elasticity, the indenter loading was chosen so that the depth of penetration does not exceed 10% of the coat ing thickness.
RESULTS AND DISCUSSION
Electron microscopic studies of the surface topog raphy of coatings based on the AlN-TiB 2 -TiSi 2 com posite ceramics (Fig. 1) showed that, under the used deposition conditions, the protective layer character ized by uniform structure with a negligible content of 1 μm sized drops (up to 10 μm in diameter) is formed. A fairly flat surface is observed in areas free of these growth defects. Figure 2a shows a micrograph that demonstrates the morphology of the AlN-TiB 2 -TiSi 2 coating sur face, which is taken with the 3D laser. Estimating the surface roughness has showed that the used deposition conditions allow us to form the coating with rough mircoedges less than 1 μm in size (Fig. 2b ). This fact indicates the high quality of coating prepared by mag netron sputtering of a target that has the multicompo nent composition.
We assume that the appearance of the inclusion on the coating surface is due to the local inhomogeneity Samples were heated to 200°C for 15 min, then to 1300°C for 90 min, after which they were held at this temperature for ~60 min and subjected to un controllable cooling to 0°C. 4 To study the effect of ion implantation, samples of series 3 were subjected to bombardment with Au ions with an energy of 40 keV to an irradiation dose of 10 17 cm -2 . of its composition. Table 2 shows the integral elemen tal composition determined by X ray spectroscopic analysis. According to these data, the matrix of start ing coatings is based on metallic Al; among light ele ments, boron is the leading component. The great number of components in the coating composition makes it difficult to analyze diffusion processes during deposition and, therefore, to find the causes of the for mation of local inhomogeneous areas on the surface. According to the data of X ray spectroscopy, the com position of the inclusion comprises 38.71 at % B, 15.12 at % C, 15.87 at % N, 9.62 at % O, 10.75 at % Al, 1.55 at % Si, 4.36 at % Ti, and 4.01 at % Fe. The depth of electron penetration exceeds the size of the drop, which is why iron is present in the coating composi tion. In this case, the characteristic X ray radiation from the steel substrate is recorded.
The phase composition of the AlN-TiB 2 -TiSi 2 composite ceramics used for coating deposition includes phases with the melting temperatures above 1500°C. Therefore, the thermal annealing at 900°C gives no substantial changes in the surface morphology (Fig. 3 ). Micrographs taken with the 2500× magnifica tion show that, as a result of annealing, surface inclu sions with diameters of up to 0.5 μ disappear. Submi cron sized relief characterized by globular inclusions is formed against a background of micron sized mac rorelief. The inclusions can result from the formation of Ti and Al based oxide phases. The 2D images of the surface demonstrate its developed topology; it is obvious that the rough edges exceed 1 μm (Fig. 4) .
The holding of samples at 1300°C activates recrys tallization processes occurring in the material, and the coating is in part melted. The clear globular substruc ture is absent; at the microlevel, numerous various small inclusions appear (Fig. 5 ). It should be noted that they do not favor the formation of surface with the developed relief. Moreover, the high temperature annealing leads to the marked decrease in the surface roughness of the protective layer (Figs. 2b, 4b, 6b) .
The integral elemental composition of the surface is identical to the initial composition of coatings (Table 2) . High temperature annealing at 1300°C leads to the depletion of the coating of boron and oxygen; the tita nium and silicon contents decrease to 0.5 at %. It is known that, in titanium compounds (T m (Ti 5 Si 3 ) = 1330°C and T m (TiSi 2 ) = 1500°C), silicon forms a low melting eutectic; a silicon addition to the TiSi 2 com (b) (a) 50 μm 10 μm According to the data of X ray diffraction analysis (Fig. 7) , a coating with an amorphous like structure is formed during deposition. The X ray diffraction pat tern demonstrates a halo, the width and maximum of which correspond to 2θ ~ 20°-25° and 2θ ≈ 40°, respectively; no clear diffraction peaks are observed. However, the analysis of micrographs of fractures (Fig. 8) indicates the presence of crystalline structure in the protective coating. The results obtained agree with each other when we assume that the coatings consist of nanocrystalline particles. According to [23] , this is quite possible since X ray diffraction patterns of amorphous and nanocrystalline materials are similar and can be observed in the case of the amorphous (in terms of X ray diffraction) state. Thus, the deposited coatings are characterized by the absence of long range order in the substance structure; however, a short range order is observed within several interparti cle distances.
The sizes of areas in which the same physical mag nitudes correlate to one another were estimated in accordance with the procedure described in [24] . In the calculations, it was taken into account that the correlation radius R m is in inverse proportion with the width of the first wide angle halo like curve, Δs, which is plotted on intensity-scattering vector coordinates as follows:
(1)
where z = 1 is the index of the first maximum, = is the modulus of scattering vector, θ is the half of scattering angle, and λ = 1.54178 Å is the wave length of characteristic radiation. Thus, during deposition, an amorphous like coat ing is formed, which is characterized by ordering areas with sizes of about 1 nm (R m ).
The main task of the investigation is the formation of a protective multicomponent coating characterized by high physical and mechanical properties and chem ical stability of the system at temperatures above 1000°С. One of the methods of obtaining a surface that exhibits high oxidation stability is to form a pro tective coating based of noncrystalline structures. It is known that this structure determines the absence of paths for easy diffusion and, therefore, the increase in the diffusion stability under external actions. However, these structures are metastable at high temperatures and, during heating in the course of operation, the protective layer undergoes softening.
The presence of a crystalline structure in the sur face composition allows one to accelerate the diffusion of impurity atoms along grain boundaries toward the coating-substrate interface and to exclude the possi bility that the material will oxidize over the volume of the protective layer. To increase the oxidation stability of crystalline coatings, paths for atomic diffusion along grain boundaries should be cut off in the remaining crystalline structure of substance; i.e., a clearly pronounced nanocrystalline structure must be prepared. Figure 9 shows X ray diffraction patterns for sam ples annealed at 900°С. According to the X ray dif fraction patterns, the recrystallization process is acti vated during annealing. The AlN and AlB 2 compounds were found to be the principal phases in the coating composition. Note that, according to theoretical data, the aluminum and titanium diborides are character ized by the same structure type and space group and have close lattice parameters (Table 3) . Taking into account the initial phase composition of the sputtered cathode, we also exclude the presence of bivalent TiB 2 titanium boride in the coatings. The partial oxidation of the coating material (the presence of diffraction reflections of the α Al 2 O 3 phase) is due to the fact that the aluminum nitride decomposes at temperatures above 700°С, which forms an that is thermally stable at temperatures up to 1370°С [25] .
The calculated lattice parameters of the phases in the coating are given in Table 3 . It is shown that the lat tice parameters of all phases agree well with tabulated data. This means that the conditions of condensation and subsequent annealing that we used allowed us to prepare a multiphase coating in which each phase has a continuous crystal lattice and does not form solid solutions with impurity atoms.
The size of crystallites L hkl was estimated using broadening of diffraction reflections and relation [28] (2)
where L hkl is the average size of crystallites along the normal to the reflecting surface; β is the physical broadening of reflection; λ = 2.2896 Å is the wave length of X ray radiation (Cr Kα); θ is the Bragg angle that corresponds to the reflection used for the calcula , cos Fig. 9 . Portions of X ray diffraction patterns for the com posite coating (series 2) annealed at 900°С taken at tilting angles of (1) 3°, (2) 10°, and (3) 30°.
tions; and ξ is the factor that takes into account the indices of the reflecting plane. The range of ξ varia tions 0.98-1.39; for the calculations, we used ξ = 1. Thus, annealing at 900°С leads to the crystalliza tion of coating and the formation of nanocrystallites about 15 nm in size. The phase composition of the coating agrees adequately with data on the elemental composition of the coating. After annealing, the pro tective layer contains 38.07 at % B, 12.70 at % C, 8.32 at % N, 13.14 at % O, 18.30 at % Al, 2.70 at % Si, and 6.72 at % Ti. Carbon, the presence of which in the coating is determined by elemental analysis, does not form carbides in the coating. Therefore, we assume that carbon is present in the protective layer in the form of nanosized graphite inclusions, which make insignificant contributions to the X ray diffraction pattern.
The phase composition of the coating across their depth was estimated qualitatively by small angle X ray scattering. The analysis of X ray diffraction patterns taken at beam tilting angles of 3°, 10°, and 30° (Fig. 9) shows the following:
(1) The surface layer of the coating is saturated with aluminum (Al 2 O 3 ) and titanium (β TiO 2 ) oxide phases (Fig. 10, curve 1) , which, under normal conditions, can block the corrosion of material. However, the for mation of oxide phases leads to an increase in the rough edges of the surface layers to 2 μm (Fig. 3a) .
(2) As the distance from the coating surface increases (curves 2 and 3) , the concentration of boride phases increases, and the oxide component almost disappears. This must positively affect the adhesion of the coating on the substrate.
The coatings annealed at 1300°С consist of alumi num oxide and diboride crystallites 11-25 nm in size. The AlN compound was not found on the coating since AlN decomposes completely during annealing, and pure aluminum forms oxide. The α Al 2 O 3 film is formed on the surface and near the surface (Fig. 10,  curves 2 and 3) ; near the substrate, aluminum diboride AlB 2 dominates (Fig. 10, 1) . However, Ti and its com pounds were not found in the coating. The X ray dif fraction data agree completely with data on the ele ment composition of coatings (Table 2 ). We also assume that carbon is present in the coating in the form of small, slightly reflecting inclusions.
The irradiation of the surface of annealed samples with Au ions stimulates the further depletion of the surface of boron; this manifests in a relative decrease in the intensity of reflections of the aluminum boride (Fig. 10, curve 4) . The decrease in the roughness of the surface coating can also be classified as an ion implan tation effect, which manifests in a relatively low back ground spread of the diffraction pattern taken with sliding geometry.
The ability of materials to resist plastic deformation or brittle failure determines the field in which they can be applied. Therefore, to determine the optimum con ditions of deposition and subsequent thermal anneal ing, mechanical tests, i.e., nanohardness tests and the determination of the modulus of elasticity (by proce dure described in [29] ), were performed. Figure 11 shows the dependence of the depth of nanoindenter penetration on the applied load. According to calcula tions, the nanohardness of the AlN-TiB 2 -TiSi 2 coat ing in the initial state is 14.5 GPa, and the Young's modulus is 217 GPa. The behavior of the unloading No. 6 2015 curve indicates that the material is characterized by adequate plasticity; i.e., during unloading, ~60% of the indentation depth is restored. The viscoplasticity index is ~0.7, which also characterizes the coating as an amorphous like material. The hardness distribution across the depth of pro tective coating was determined by dynamic nanoin dentation. In this case, the 10 mN sinusoidal loading of the indenter was used. Figure 12 shows results of the tests. It was found that, at a distance of 40-80 nm from the surface, the hardness of the coating is about 17.5-18.5 GPa. Beginning from a depth of 85 nm, the hard ness of the coating decreases; this results from the effect of the softer steel substrate. The high tempera ture annealing of coatings leads to the decrease in the hardness of protective coating as compared to that of the initial state (Fig. 13) . The reason for these changes is the structural and phase transformations of the material, which result in the partial restoration of the crystal structure from an amorphous like structure and an increase in the crystallite size from 1 to 25 nm after annealing at 1300°С.
CONCLUSIONS
(1) The surface of a protective coating prepared by pulsed magnetron sputtering of the AlN-TiB 2 -TiSi 2 target has a homogeneous structure characterized by rough microedges of no more than 1 μm in size.
(2) During the deposition of the material, an amor phous like nanocrystalline structure is formed. The size of the ordering areas is about 1 nm.
(3) The magnetron sputtering of the material allows us to form a protective layer, the elemental composition of which is completely identical to that of sputtered targets. The annealing of samples at 900 and 1300°С leads to the formation of a base matrix that consists of Al, B, O and C atoms. Ti and Si atoms dis appear from the protective layer composition.
(4) The annealing of samples at 1300°С activates the crystallization of the material, which results in the growth of the size of crystallites to 11-25 nm. The presence of oxygen in air leads to the saturation of the surface with α Al 2 O 3 and β TiO 2 oxide phases and increase in the rough edge size to 2 μm. The composi tion of protective layer was found to include AlB 2 and TiB 2 boride phases, the contents of which increase in approaching the coating-substrate interface.
(5) The implantation of Au atoms into the ceramic coatings stimulates the diffusion of boron atoms toward the substrate and leads to a decrease in the sur face roughness.
(6) The analysis of mechanical characteristics showed that, under the used deposition conditions, a coating is formed that is characterized by a nanohard ness of 14.5 GPa and a modulus of elasticity of 217 GPa. The activation of crystallization processes at high temperatures allows us to obtain diffusion and a temperature stable nanostructure. The hardness of the nanostructured coating is 25% lower than that of metastable coatings in the initial state.
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